Measurement of worker exposure to a thoracic health-related aerosol fraction is necessary in a number of occupational situations. This is the case of workplaces with atmospheres polluted by fibrous particles, such as cotton dust or asbestos, and by particles inducing irritation or bronchoconstriction such as acid mists or flour dust. Three personal and two static thoracic aerosol samplers were tested under laboratory conditions. Sampling efficiency with respect to particle aerodynamic diameter was measured in a horizontal low wind tunnel and in a vertical calm air chamber. Sampling performance was evaluated against conventional thoracic penetration. Three of the tested samplers performed well, when sampling the thoracic aerosol at nominal flow rate and two others performed well at optimized flow rate. The limit of flow rate optimization was found when using cyclone samplers.
Introduction
Workplace exposure to atmospheric aerosols is usually measured in one of three conventional health-related aerosol fractions (CEN, 1993; ACGIH, 1994 ACGIH, -1995 ISO, 1995) . Measurement of the inhalable, thoracic, or respirable fraction is necessary depending on the definition of threshold limit value for different particulate substances. While inhalable and respirable aerosol measurement is common practice, the thoracic fraction is only rarely measured. The thoracic aerosol fraction was first measured in the US cotton industry to assess the risk of byssinosis (Corn, 1987) by using a vertical elutriator operated at 7.4 l min −1 (Lynch, 1970) . The Workshop on Fiber Toxicology Research Need, held in 1989, recommended "the use of size selective inlets such as thoracic particulate matter for fibrous aerosol sampling" (Dement, 1990) . This recommendation continues to be applied nowadays especially when sampling of asbestos.
The aerosol thoracic fraction is also relevant in the case of substances having a local effect on the conductive respiratory airways, more specifically irritation or bronchoconstriction (Fabriès et al., 1998) , for example acid mists and flour dust (Laurière et al., 2008) . In the wake of a number of epidemiological studies (Soskolne et al., 1984 (Soskolne et al., , 2011 , it was suggested that the conventional thoracic fraction would best indicate exposure of employees to sulfuric acid (Lippmann et al., 1987) . In 2009, EU Directive 2009/161/EU defined the indicative Original Article occupational exposure limit value for sulfuric acid mist as 0.05 mg m −3 in the thoracic fraction. A suitable thoracic aerosol sampler with a sampling efficiency that meets standardized sampling criteria (CEN, 2014) is necessary in the workplace exposure measurement. In the last 20 years, a number of thoracic aerosol samplers have been developed and their efficiencies have been tested using isometric or fibrous aerosols (Kauffer et al., 1996; Fabriès et al., 1998; Maynard, 1999 Maynard, , 2002 Jones et al., 2005) , while other thoracic aerosol samplers have been recently developed. The aim of this study was to measure in the laboratory sampling efficiency of these samplers and to compare it with conventional thoracic penetration criteria. Bias maps were plotted for a series of particle size distributions likely to occur in the workplace (Görner and Fabriès, 1996) to evaluate their performance.
Materials and Methods
Selected thoracic aerosol samplers Table 1 lists and details the thoracic aerosol samplers studied along with their respective flow rates. Sampler choice was guided by availability, flow rate, expected efficiency, and experience in their use and handling.
Although worker exposure is measured using personal samplers, use of static devices may be preferable in specific cases. Static sampling generally allows implementation of higher sampling flow rates and collection of more material for more accurate analysis. Static sampling is also recommended for pollution mapping studies on industrial sites.
In this study, the CATHIA-T is considered as the reference sampler what is based on its known sampling efficiency (Fabriès et al., 1998; Maynard, 1999 Maynard, , 2002 Jones et al., 2005) . This enables the reliability of our experimental methodology to be checked.
Experimental methodology
Experimental aerosol sampling efficiency as a function of aerodynamic diameter is usually measured in dust chambers or wind tunnels, to which monodisperse or polydisperse aerosol generators are fitted. Airborne particles are sampled by a reference probe and a candidate sampler. For a given particle size D ae , the ratio of concentrations sampled by the candidate C c (D ae ) to those sampled by reference probe C r (D ae ) provides the aerosol sampling efficiency E(D ae ). Thus
The reference probe sampling efficiency is assumed to be 100% within the range of particle diameters investigated. The experimental efficiency of the candidate sampler is compared with the conventional thoracic efficiency curve (CEN, 1993; ACGIH, 1994 ACGIH, -1995 ISO, 1995) defined by the probability of particle penetration beyond the larynx. This probability is expressed by mathematical relation provided by Soderholm (1989) and commented by Görner and Fabriès (1996) . The experimental method used in this study has been described in detail and qualified in our earlier publications. We used two experimental set-ups: a horizontal low velocity (0.15 m s −1 ) wind tunnel (Fabriès et al., 1980 (Fabriès et al., , 1984 Görner et al., 2001 ) and a vertical dust chamber (Görner et al., 2008 (Görner et al., , 2010 . The horizontal wind tunnel is ~10 m in length. Within this tunnel, the sampler is placed in the test zone corresponding to a 1 m × 1 m cross-sectioned area located around the middle of the tunnel. The flow is stabilized between the aerosol generation and the test area by means of a 6-mm honeycomb mesh completed by a 0.75-mm grid mesh at its outlet. Besides, the calm air tunnel provides a downward supply of aerosol particles to its measuring zone. Only the particle generator and small dilution air streams enter the cylindrical section with 0.4 m in diameter, making the air flow very close to calm air (0.027 m s −1 ). In both cases, a solid polydisperse aerosol was produced by a fluidized-bed aerosol generator (Guichard, 1976) . This unit was complemented by a corona discharger to ensure the electrical neutrality of the generated particles. The experimental aerosol was composed of glass microspheres (BL 0-50, Verre Industrie ® , France) with a particle density of 2.46 g cm −3 . The experimental aerosol size distribution should be within the thoracic penetration interval below ~30 µm). In the horizontal wind tunnel, the log-normal particle size distribution of the generated aerosol was characterized by a mass median aerodynamic diameter MMAD of 10.30 µm and a geometric standard deviation (SD) of 1.98. The aerosol size distribution in the horizontal wind tunnel was shifted towards smaller particles because of coarse particle sedimentation in the horizontal low air stream. In the vertical dust chamber, MMAD was 15.06 µm and GSD was 2.04.
Aerodynamic Particle Sizer (APS 3321, TSI Inc.) was used to measure particle size-resolved aerosol concentration (Lidén and Kenny, 1991; Fabriès et al., 1998) . APS measurements are based on the time-of-flight measurement of accelerated particles, which is directly related to their aerodynamic diameter. The APS aerodynamic diameter range was within the 0.5 to ~20 µ interval.
The nominal aerosol flow rate of the APS was 5 l min −1 . When the tested sampler operated at a different flow rate, an in-house isokinetic isoaxial aerosol diluter (Görner et al., 2001) was integrated in two different ways based on whether the sampling flow rate was higher or lower than 5 l min −1 . Different reference probes were used, depending on the sampler under study. The flow rate of the reference probe was invariably the same as the flow rate of the tested sampler. The connection tube to the aerosol diluter was also the same to ensure identical transmission efficiency in both cases. The reference probes were designed based on the models provided by Hangal and Willeke (1990) and Grinshpun et al (1993) for calculating aspiration efficiency with respect to flow rate, inlet diameter, and wind direction. Reference probe efficiency was close to 1 with minimum of 0.98 at 20 µm within the measured particle size interval.
Reference and candidate sampling can be performed simultaneously or consecutively. Simultaneous sampling requires perfect spatial homogeneity of the aerosol and two APSs. We therefore opted for consecutive sampling. Reference and candidate sampling was performed on the tunnel axis in the following order: reference-candidatereference. Aerosol stability in time was continuously checked by an optical particle counter (Grimm 1.108, Grimm Industry GmbH, Germany). The experimental efficiency data were accepted only when the aerosol number concentration varied by no more than ±5% in each channel during the entire sampling sequence (reference-candidate-reference).
To ensure the reliability of our experimental results, we used both experimental set-ups-the horizontal low-velocity wind tunnel and the vertical dust chamber-to measure the sampling efficiency of the reference sampler CATHIA-T. Except CATHIA-T, which inlet is omnidirectional, all other samplers have "oriented" sampling orifices. When comparing the results with various sampler orientations in the horizontal tunnel, slight differences were observed. We therefore used the horizontal low wind speed tunnel which allows orientation-averaged results to be provided for all personal samplers in this study. Furthermore, the wind speed in this tunnel (0.15 m s −1 ) is close to the wind speeds currently encountered in the workplace. Indeed, Baldwin and Maynard (1998) reported that 85% of workplace wind speeds are lower than 0.3 m s −1 and lower than 0.1 m s −1 in most cases). Thus, the methodology adopted in this work leads to results as close as possible to the real sampling situation in slightly moving air and with random oriented workers wearing a sampler.
Efficiency data treatment and sampler performance calculation
Each data point and error bar represents the mean value and 1 SD for 3 to 10 experimental runs. Experimental efficiency data were modeled by a suitable analytical function using a weighted least-squares method (Fabriès et al., 1998) . A decreasing cumulative log-normal law was used to model cyclone efficiency because cyclone separators exhibit naturally similarly shaped efficiency curves. For other samplers, the decreasing cumulative log-normal law was multiplied by the Vincent and Armbruster (1981) inhalability function (noted V.A. in the figures). It is indeed this type of combined law that effectively defines the conventional thoracic and respirable penetrations (Soderholm, 1989) .
The decreasing cumulative log-normal law can be written as:
where F(x) is the cumulative probability function of a standardized normal variable x:
where D 50 is the particle diameter, for which the penetration efficiency is 50%. GSD is the geometric standard deviation. D 50 and GSD are parameters to be optimized to fit the experimental efficiency data. The Vincent and Armbruster (1981) inhalable efficiency function is expressed as:
where P 1 and P 2 are the parameters to be adjusted (they are 0.5 and 0.06, respectively, in the conventional definition of inhalability).
The model enabled us to compare experimental sampling efficiency with the conventional thoracic penetration curve and to compute a bias map of aerosol concentration measurements for a set of simulated aerosol size distributions. The bias calculation method has been described elsewhere (Lidén and Kenny 1992; Görner and Fabriès, 1996; Fabriès et al., 1998; CEN, 2014) . The bias performance criterion (BPC; Görner et al, 2001 ) was then calculated to provide a simple expression of sampler performance. BPC corresponds to the proportion of simulated aerosols, for which the mass concentration measurement bias is within ±10%. The simulated aerosols comprised a set of log-normal distributions with 1 < MMAD < 25 µm in 1 µm increments and 2 < GSD < 3.5 in 0.25 increments.
Results and Discussion
Validation of methodology by experiments on CATHIA-T The CATHIA-T (Tecora, France) sampler was designed at INRS and is protected by a French patent (Fabriès et al., 1988) . CATHIA-T's high flow rate (7 l min −1 ) imposes a high volume pump, so this sampler can only be used for static sampling (Kauffer et al., 1996; Fabriès et al., 1998) . The instrument has been previously investigated (Maynard, 1999 (Maynard, , 2002 Jones et al., 2005) and is currently used mainly for asbestos sampling in France.
The CATHIA-T sampler was included in this study in order to check the reliability of the experimental methods used. Fig. 1a illustrates efficiency data measured in calm air vertical tunnel (10 runs) along with the fitted efficiency curve and the conventional thoracic penetration. This figure shows that the experimental data follow closely the thoracic convention.
The experimental data were fitted by multiplying the decreasing cumulative log-normal law by the Vincent and Armbruster (1981) The minimum value of least-squares function χ 2 (Fabriès et al., 1998 ) is reached when parameter P 2 is zero. This means that the best fit corresponds to the log-normal law multiplied by a constant 2P 1 .
The CATHIA-T sampling performance provided by the bias map (Fig. 1b) mirrors previous results (Fabriès et al., 1998) obtained under different methodological conditions with different experimental set-ups, test aerosols (mineral dusts), and data fits. This confirms the equivalence of the experimental methods, especially in the case of sampler with omnidirectional inlet. Indeed, we prefer showing in this paper the result obtained in calm air chamber, not published yet, instead of similar results from horizontal wind tunnel.
Note that all further results concerning personal samplers are issued from the horizontal wind tunnel for the reason given at the end of the section 'Experimental methodology'.
Cyclone GK 2.69
The BGI GK 2.69 cyclone (Mesa Laboratories, USA) was designed by Kenny and Gussman (1997) and is mainly used for respirable aerosol sampling at a flow rate of 4.2 l min −1 (Stacey et al., 2014) . For thoracic aerosol sampling, the flow rate must be reduced to 1.6 l min −1 (Maynard, 1999).
Experimental sampling efficiency was measured in the horizontal low-velocity wind tunnel. The sampler was asymmetrical so it was tested in four orientations: forward, backward, left, or right with respect to the air flow. Three runs were performed in each position. The backward orientation is highly improbable in personal sampling and the operator is moving so an average of three orientations (forward, left, and right) was considered to represent the sampling efficiency (Fig. 2a) . The experimental SD is mainly caused by sampler orientation (contribution of 60-80% to overall SD) rather than by run reproducibility. Experimental efficiency points were modeled by a decreasing cumulative log-normal law, also reported in Fig. 2a . GSD .
µm
The above parameters and those of conventional penetration (CEN, 1993) allow us to simulate numerically thoracic aerosol concentrations for a set of different polydisperse aerosols and this led to the bias map illustrated in Fig. 2b . This bias map shows that the GK 2.69 sampler oversamples slightly (up to 12%) the aerosol thoracic fraction. The BPC indicates that the bias remain below 10% for 93% of the aerosol distributions considered.
The GK 2.69 cyclone was previously studied for the respirable (4.2 l min −1 ) and thoracic (1.6 l min −1 ) fractions (Kenny and Gussman, 1997; Maynard, 1999; Lee et al., 2010) . In Fig. 3 , these earlier results are compared with this study by means of a 'D 50 versus flow rate' data plot. The ASTEX experimental points reflect the D 50 values previously obtained in the INRS laboratory for the thoracic flow rate of the GK 2.69 based on two different methods (API and Coulter) applied in an international round robin test (the Aerosol Sampler Testing Exchange; Görner et al., 2000; Kenny, 2000; Lidén, 2000) . 
Cyclone GK 4.162 (Rascal)
The Rascal cyclone (Mesa Laboratories, USA) is of similar construction to the GK 2.69 cyclone. It operates at a higher flow rate (8.5-9.5 l min −1 ) when sampling the respirable aerosol fraction. The manufacturer does not indicate the flow rate for sampling the thoracic fraction. Thorpe (2011) ). It is obvious that the flow rate must be much lower than 7 l min −1 in order to shift D 50 up to 10 µm, the aerodynamic diameter that corresponds to the cut point of the thoracic conventional curve. We experienced flow rates lower than 7 l min −1 . Fig. 4a illustrates our results along with a new data fit. Fairly close agreement of these data between 10 and ~3.5 l min −1 can be observed. The experimental D 50 started to deviate from the fitted curve at lower flow rates. This was confirmed by new HSL data of Thorpe published in Lee et al. (2016) . . 4b shows that the efficiency curves for flow rates below 3 l min −1 start to be irregular and at 2.5 l min −1 , particle selection is entirely uncertain. In this condition, the flow velocity is probably too small to maintain the cyclone vortex. It follows that the 3 l min −1 flow rate is the Rascal sampler's lowest limit of usage but it is otherwise very suitable for thoracic aerosol sampling. Fig. 5a illustrates experimental efficiency points obtained in the horizontal low-velocity wind tunnel with the sampler air flow rate of 3 l min −1 . These data are mean values of readings for three orientations (forward, left, and right, 3 runs each) as used for the GK 2.69 cyclone.
The solid line is the log-normal fitting curve for the efficiency data. The bias map (Fig. 5b) was computed using the following optimized parameters:
GSD .
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The bias map (Fig. 5b) shows that the GK 4.162 cyclone (Rascal-T) measures the particle mass concentration with an acceptable bias of ±10% for 98% of aerosol distributions used for the BPC calculation. In a recent study (Lee et al., 2016) , Lee and Thorpe remeasured the sampling efficiency of this cyclone using two methods: polydisperse aerosol and APS for Thorpe and monodisperse aerosol and scanning electron microscopy for Lee. While the former established an optimal flow rate of between 2.7 and 3.3 l min −1 for thoracic aerosol sampling, the latter reported the optimal flow rate to be 3.5 l min −1 .
In conclusion, the authors stated, 'Therefore, it is recommended that the GK 4.162 should be operated at a flow rate of 3.4 l min −1 pending information in other laboratories'. In our study, the best BPC was found for a flow rate of 3.0 l min −1
, a value lying in the middle of Thorpe's interval.
Cyclone IFA FSP10
German occupational health and safety institute IFA (Institut für Arbeitsschutz) uses an FSP10 (Fein Staub Probe) high-volume aerosol sampler for respirable particles in the workplace. This is a modified Cossey and Vaughan (1987) cyclone operated at 10 l min − 1 designed by Riediger (1998-not published) at the BIA (Berufsgenossenschaftliches Institut für Arbeitssicherheit).
Based on the original Cossey and Vaughan (1987) , where Q is the flow rate in l min −1 ) a new, stainless steel version of this cyclone was designed with intention to sample the thoracic fraction of the aerosol at a flow rate of 5.34 l min −1 (Breuer et al., 2012) . We measured the efficiency of the German respirable cyclone FSP10 in the late 1990s for former BIA Institute at a flow rate of 10 l min −1 . Laboratory testing gave a steep penetration curve with D 50 = 4.37 µm, which agrees with the expected respirable fraction of the aero- sol. The morphology of today's IFA cyclone is totally different; we therefore checked the respirable sampling efficiency of this cyclone prior to measuring its efficiency at 5.34 l min −1 . The results obtained at 10 l min −1 yield a cutoff diameter D 50 close to 4 µm (Fig. 6a) , in accordance with our earlier measurement.
But, at a flow rate of 5.34 l min −1 , we found a cut point D 50 = 7.2 µm, which is far from the required 10 µm for thoracic efficiency. The measured sampling efficiency of the cyclone for a series of flow rates ranging from 3 to 10 l min −1 yields a D 50 = f(Q) function (Fig. 6b ) different from that of Cossey and Vaughan (1987) . The required 10 µm cut point is approached between 3 and 3.5 l min −1 . Precise determination of the optimum thoracic flow rate is rather difficult because the cyclone begins to operate irregularly in this range of flow rates and the vortex collapses at 2.5 l min −1 (Fig. 6a) . Vaughan (1988) was the first to describe this phenomenon, stating, 'There is a marked kink in the penetration curve for the lowest flow rate'. Fig. 7a illustrates the mean experimental data at 3.5 l min −1 for nine efficiency measurements; three per forward, left and right position with respect to the horizontal low wind speed tunnel air flow. Fig. 7a shows that the cyclone has a steep separation curve. The best performance in thoracic sampling is met at a flow rate of 3.5 l min −1 , where log-normal fitting of the experimental data yields: GSD .
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Results of sampling efficiency (Fig. 7a) and performance of the IFA FSP10 cyclone (Fig. 7b) indicate that this is a good thoracic aerosol sampler at an optimum flow rate of 3.5 l min −1 . Lee et al. (2016) came close to the same result at 4 l min −1 using a different method using six monodisperse aerosols.
Although the flow rate of 3.5 l min −1 is more convenient for personal sampling than the former higher flow rate, the weight of the IFA FSP10 thoracic sampler makes it more suitable for static sampling.
Parallel Particle Impactor-PPI-T
The thoracic PPI-T (PPI, SKC, USA) was designed to sample the thoracic health-related aerosol fraction for assessment of worker personal exposure to airborne particles. It operates at a flow rate of 2 l min −1 . The thoracic aerosol fraction is selected by simultaneous implementation of four parallel impactor stages and a final collection filter. The thoracic sample consists of the particles collected on the final filter. Fig. 8a illustrates the sampling efficiency for the PPI, measured in the horizontal low wind speed tunnel, along with data provided by Trakumas and Salter (2009) . Both experimental data sets are very close and were fitted by above mentioned combined law.
Adjusted parameters of the combined law applied to the PPI-T experimental data are: GSD .
.
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The modeled sampling efficiency curve (Fig. 8a) was compared to the conventional definition of thoracic penetration. Fig. 8b illustrates the bias map calculated for the thoracic PPI sampler. The PPI-T parallel impactor offers fair thoracic aerosol sampling performance for most particle size distributions present in the workplace (Fig. 8b ). It will sample 71% of aerosols from the bias map with a positive bias smaller than 10%.
Conclusion
Five thoracic aerosol sampling devices were tested under laboratory conditions using a spherical polydisperse aerosol and the aerodynamic particle sizer. The experimental method was checked by measuring the efficiency of known static thoracic sampler CATHIA-T. The sampling efficiency of the CATHIA-T turned out to be close to that found in previous studies. This proves the reliability of the experimental method implemented in this study. While it is not a personal sampler (due to size and high flow rate of 7 l min −1 ), the CATHIA-T sampler has the advantage of collecting large quantity of particles for subsequent analysis.
Our results show that both BGI cyclones sample correctly the thoracic fraction of an ambient aerosol: the GK 2.69 at its nominal flow rate 1.6 l min −1 and the GK 4.162 at a flow rate of 3.0 l min −1 . Similar in performance to the GK 2.69 sampler, the GK 4.162 has the advantage of collecting almost twice the particulate matter thanks to its higher flow rate.
IFA cyclone FSP10 with its suggested 5.34 l min −1 nominal flow rate did not assume conventional thoracic penetration. Our results show that cyclone samples the thoracic aerosol fairly well at the optimized flow rate of 3.5 l min −1 . The IFA cyclone is much larger and heavier than the other cyclones and is therefore less suited to personal exposure measurement.
The optimized low flow rates of both the IFA and GK 4.162 cyclones are close to the operating limit because the cyclonic vortex tends to collapse at ~2.5 l min . It is small and lightweight and is suitable for personal exposure measurement.
Aerosol sampling efficiency was measured using solid aerosol particles (glass beads) in this study. It was observed that sampling efficiency could vary depending on the particle phase. In theory, particle motion in air depends only on the aerodynamic size and shape of the particles. In practice, particles entering a sampler can come into contact with its walls and, in this case, solid particles will tend to rebound, while liquid particles will more easily adhere to the internal surfaces of the sampler. Sampler efficiency could therefore be slightly modified, in the case of liquid aerosol sampling in the workplace [e.g. sulfuric acid mist (EU 2009)]. Prior to using aerosol samplers for liquid aerosol sampling, we recommend checking their sampler efficiency with at least one monodisperse liquid aerosol of ~10 µm particle size, i.e. close to the expected D 50 cut point.
A field study is planned to be carried out in different industrial situations to compare the behavior of thoracic samplers in workplace conditions.
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